ABSTRACT. Transdisciplinary research practice has become a core element of global sustainability science. Transdisciplinary research brings with it an expectation that people with different backgrounds and interests will learn together through collective problem solving and innovation. Here we introduce the concept of "transdisciplinary communities of practice, " and draw on both situated learning theory and transdisciplinary practice to identify three key lessons for people working in, managing, or funding such groups. (1) Opportunities need to be purposefully created for outsiders to observe activities in the core group. (2) Communities of practice cannot be artificially created, but they can be nurtured. (3) Power matters in transdisciplinary communities of practice. These insights challenge thinking about how groups of people come together in pursuit of transdisciplinary outcomes, and call for greater attention to be paid to the social processes of learning that are at the heart of our aspirations for global sustainability science.
INTRODUCTION
Transdisciplinary research has become a core element of international sustainability agendas, and as a result the formation of cross-sectoral networks and research programs that pursue transdisciplinary outcomes has increased (Hampton and Parker 2011, The Royal Society 2012) . This growth is evident in the recent formation of international platforms such as FutureEarth (Rivera-Ferre et al. 2013 ) and the Program for Ecosystem Change and Society (Carpenter et al. 2012) , and has been supported by funding programs such as the International Social Science Council and the Belmont Forum. Central to all such efforts is the coproduction of action-oriented knowledge within diverse groups of scientists, citizens, and policy makers. As transdisciplinary research becomes more embedded in global research practice, it is increasingly important to find ways to enable transdisciplinary teams to work and learn effectively together (Lélé and Norgaard 2005 , Norgaard and Baer 2005 ).
Several authors have made important contributions toward this end. In their edited volume, Keen et al. (2005) provide a strong argument for a focus on adult learning in groups for sustainability science. These authors highlight the core roles of reflexivity, collaboration, negotiation, integration, and systems thinking in supporting social learning in these contexts. Others have focused more specifically on the processes of knowledge production inherent within transdisciplinary research. For example, Lang et al. (2012) draw attention to processes of knowledge production in situations where academic and nonacademic partners collaborate around a common issue. Based on their analysis, the authors generate a set of design principles, or a step-by-step guide, for transdisciplinary research in sustainability science. Others have highlighted the potential contribution of social theories of learning to understanding knowledge production in transdisciplinary research processes, and have used the concept of "communities of practice" (COPs) to rethink how we understand the goal of knowledge integration in particular (Regeer and Bunders 2003) .
In this paper we extend these important contributions by further reflecting on the implications for transdisciplinary research of the concept of COPs. Although Regeer and Bunders (2003) considered the implications of COPs for how we understand knowledge production, we consider the implications of this concept for how transdisciplinary research can be facilitated or nurtured. Much like Keen et al. (2005) , we are interested in the broader social dynamics at play in transdisciplinary research teams and draw attention to some important insights that might support better practice. Toward this end, we develop the idea of transdisciplinary COPs in the context of sustainability research.
KEY CONCEPTS

Transdisciplinarity
Transdisciplinary research in sustainability aims to overcome knowledge fragmentation with respect to complex socialecological problems. Although the term "transdisciplinarity" can mean many different things (Jahn et al. 2012) , its central features in a sustainability context include mutual learning and collaboration among diverse stakeholders, i.e., scientists, citizens, policy makers and resource managers, who are committed to solving complex social-ecological problems (Funtowicz and Ravetz 1993 , Gibbons et al. 2004 , Russell et al. 2008 , Hirsch Hadorn et al. 2010 , Mobjörk 2010 . Transdisciplinary research makes science and decision making interactive through the coproduction of knowledge with society (Max-Neef 2005) , and success is often deemed to be a function of the degree to which science, management, planning, policy, and practice are interactively involved in issue framing, knowledge production, and knowledge application (Reyers et al. 2010 . The resulting coevolution of understanding and alignment of purpose makes transformational change through transdisciplinary research a real possibility (Pennington et al. 2013) . At the very core of all of these features of transdisciplinary research, therefore, is the expectation that people from a variety of backgrounds and interests will learn together through collaborative problem solving and innovation. This has led to an interest in social theories of learning, e.g., the concept of COPs, that might help facilitate these core processes in transdisciplinary research (Regeer and Bunders 2003; Keen et al. 2005) . http://www.ecologyandsociety.org/vol20/iss2/art22/
Communities of practice
The concept of COPs reflects a social theory of situated learning that occurs within a web of social relationships and through participation in the world (Wenger 1998) . The concept of a COP was originally developed to understand adult learning in apprenticeships (Lave and Wenger 1991) , but has since been applied to understanding learning in business, government, large organizations, international development, and the internet (Wenger et al. 2002) . A COP, at its simplest, is a group of people who share an interest or a passion for something that they practice, and who learn how to do it better through regular interaction (Wenger 1998) . Three features characterize a COP and distinguish it from other groups (Wenger et al. 2002) : First, COPs organize around a shared domain of interest. A COP is not just a network of connections between people, e.g., a group of people who work in the same building. COP membership is based on a commitment to the domain of interest and also a shared expertise in that domain. Second, COP members engage in joint activities, helping each other and sharing information. During this process, relationships are built that enable members to learn from one another. In contemporary research settings, most researchers will identify with attending meetings with colleagues, taking new ideas back to their respective institutions, and testing them in projects with students and colleagues before once again sharing their findings. Third, COP members are practitioners and not mere spectators. They actively test ideas, usually through a shared set of resources, e.g., experiences, tools, metaphors, and ways of addressing recurring problems, in ways that enable them to do things better. Developing this sort of shared practice takes time, trust, and sustained interaction.
Importantly, differential levels of participation are an important, and expected, characteristic of COPs (Wenger et al. 2002) . A small core group, perhaps 15% of the whole COP, are expected to be highly active, providing leadership and ensuring that the COP has legitimacy, whereas another roughly 20% of the COP might be active members who participate regularly but who are not as dedicated or central to the leadership of the COP. The remaining 65% of a COP are regarded as peripheral, but also critically important because they observe activities in the core and might implement what they learn in other COPs or organizations. Wenger et al. (2002) developed the idea of legitimate peripheral participation as a core aspect of COPs that should be recognized and encouraged.
Transdisciplinary communities of practice
By its nature, transdisciplinarity is likely to lead to COPs with distinctive characteristics in addition to those described above. Transdisciplinary communities of practice (TDCOPs) are more likely to be distinctly heterogeneous, cross-sectoral groups with a shared interest in and basic commitment to solving complex social-ecological problems. Individuals within these groups will likely engage with one another to coproduce knowledge for practical application and solutions to current challenges, and will be involved in an on-going, iterative process of issue framing, knowledge production, and knowledge application. Adding to their heterogeneity, TDCOP members are likely to operate in substantially different areas of practice, applying their shared knowledge in such varied arenas as science, state institutions, and civil society.
Such TDCOPs can take different forms, emerging from both institutionalized attempts to facilitate transdisciplinary interactions and from self-organizing processes. Here we briefly introduce an example of each type. The case studies were selected because two of the authors (DJR and JNP) have been intensively involved in each of them for a number of years. We will return to these case studies to illustrate the lessons drawn from a synthesis of data, findings, and conclusions based on the primary research of these authors. See Roux and Nel (2013) , Parker and Crona (2012) , and Crona and Parker (2011) for specific details on these research projects.
The first case study represents an intentionally nurtured TDCOP. The Decision Center for a Desert City (DCDC, founded in 2004) is a university research center designed to facilitate knowledge coproduction between academic researchers, water managers, and policy makers to enhance the efficacy of long-term decision making about water resources under climatic uncertainty in an arid, rapidly urbanizing metropolitan area in the southwestern United States (see . DCDC was designed to be a boundary organization that facilitated transdisciplinary interactions between scientists and policy makers. Boundary organizations are formal organizations designed to exist at the borders of different social worlds, and to broker or mediate interactions between these communities despite their diverse purposes, incongruent values, and potential mutual incomprehension (Guston 2001, Parker and . They are not TDCOPs in and of themselves, but are rather institutional means by which TDCOPs can be catalyzed and fostered. Through a number of specific strategies and concerted efforts, DCDC has facilitated the development of a robust regional TDCOP in which local and regional water policy makers and water resource managers interact to share expertise and collaborate. These heterogeneous, cross-sectoral collaborations have contributed to basic science and to local and regional water policy debates, policies, and practices.
The second TDCOP is a continually self-organizing initiative, referred to here as "the freshwater initiative." Triggered by a onceoff project in 2002 (Roux et al. 2002) , a systematic approach to freshwater conservation planning has developed both dynamically and purposefully over the past 12 years in South Africa. Various innovations around assessment methods and demonstration projects were followed by engagement with policy makers from various state sectors (see Roux and Nel 2013) . The resulting set of cross-sector policy objectives for freshwater conservation, formulated through a participatory process involving various departments and agencies of national government, acknowledged the systemic nature of water governance and the inherent need for cross-boundary cooperation (Roux et al. 2006) . These objectives and an associated quantitative target for freshwater conservation provided the context for a next phase (2007) (2008) (2009) (2010) (2011) , focusing on identifying priority areas for conservation and exploring institutional mechanisms for their implementation (Audouin et al. 2013) . Importantly, this phase followed an action research mode whereby researchers, policy makers, and natural resource managers engaged in mutual learning and actively contributed to a series of products. These products set the scene for the current phase, which is still organizing, with an emphasis on implementation, monitoring, and revision. The core members of this TDCOP have http://www.ecologyandsociety.org/vol20/iss2/art22/ shifted over time, depending on the phase of the project and the key objectives at the time.
LESSONS FOR NURTURING TRANSDISCIPLINARY COMMUNITIES OF PRACTICE
COP theory, together with growing practical experiences with effective TDCOPs, highlights a number of lessons that are not always intuitive for the individuals participating in, managing, or funding transdisciplinary research programs. These lessons relate to (1) purposefully creating opportunities for outsiders to observe the activities of the core group, (2) recognizing that TDCOPs do not exist simply because a group has been created for a specific task, and (3) recognizing that power matters in important ways in the context of TDCOPs.
Lesson 1: Consciously "build benches" for outsiders COPs tend to be characterized by a small core group who are very active, with a large group of members on the fringe who participate to a lesser extent, referred to as peripheral participation (Wenger et al. 2002) . Opening up opportunities for peripheral participation is important because it creates opportunities for peripheral members to migrate into the core group and therefore expand and replenish membership in this group. Outside of the center and the periphery are people who are not members, but who have an interest in the activities of a community, referred to as "intellectual neighbors" (Wenger et al. 2002:56) . Some members will move through all three of these layers over time, at times playing an active role during a given topic or activity and at other times playing a more passive role. Successful COPs encourage peripheral participation and "build benches for those on the side-lines" (Wenger et al. 2002:57) .
The DCDC case study offers insight into how such benches can be built in a contemporary transdisciplinary context. DCDC worked to include those on the peripheries of the scientific and water policy communities by holding regular meetings focused on water-related issues, i.e., water briefings, open to all members of the water policy and science community. Free meals were also provided, helping enhance trust by encouraging informal interaction (see Parker and Hackett 2012) . Survey data indicate that 62% of policy makers expanded their ties to the water community as a result of their DCDC affiliation and attendance at water briefings (Crona and Parker 2011) . Furthermore, participation in water briefings lowered cultural barriers between researchers and policy makers . Overall, water briefings fostered network growth at the peripheries by providing a politically neutral space for persistent interaction, lowering cultural barriers, helping align understanding and interests, and bringing people who were operating on the fringe of the TDCOP into the core group.
The freshwater initiative benefited from continuity in a small leadership group who were the core of the TDCOP, with individual members representing different national agencies with different functions and constituencies. Throughout the lifecycle of the freshwater initiative, and especially during the four-year phase for identifying spatial conservation priorities, the core group actively created opportunities involving a wide spectrum of stakeholders. These opportunities included workshops with practitioners to review delineation of priority areas on maps, involvement of a broader spectrum of scientific disciplines, and small-group meetings with policy officials (Audouin et al. 2013, Roux and Nel 2013) . From this broad-based exposure, some individuals self-selected to become active members of the core group, others did not become active participants but successfully transferred relevant information to their organizations, and still others were less interested or perhaps not equipped or able to take action.
All of these responses represent legitimate and expected behavior for individuals operating at the periphery of a TDCOP. Recognizing this is fundamental to understanding the outcomes of efforts to build benches for intellectual neighbors. Building benches through the means described for both DCDC and the freshwater initiative does not, and cannot be expected to, guarantee involvement in a TDCOP. Viewing these fairly common activities, e.g., workshops and small group meetings, through a COP lens illuminates alternative roles for such strategies in the context of transdisciplinary engagements: These strategies create opportunities for the membership of COPs to be expanded and for ideas to spread beyond the core group. Participation will most likely self-organize based on the degree of excitement and purpose transmitted by the core group; perceptions of salience, credibility, and legitimacy (sensu Cash et al. 2003 ) offered by the TDCOP; and opportunities offered through bench creation for knowledge sharing and being valued by other members. Importantly, Crona and Parker (2011) show that peripheral individuals who interact with core TDCOP members are more likely to use scientific knowledge produced by the TDCOP in their policy work. In other words, peripheral participation can play an important role in enhancing the reputation of a TDCOP in terms of its perceived credibility, legitimacy, and saliency.
Lesson 2: COPs cannot be artificially created, but they can be nurtured Creating a team to work on a problem does not mean that a COP has been created (Roberts 2006) , and neither does the creation of a transdisciplinary research project or program. COPs are emergent social phenomena resulting from interactions among diverse groups and stakeholders that must arise out of the concerted efforts and shared interests of the individuals and social groups involved. The conditions that might enable a COP to develop out of such a team over time can, however, be facilitated (Saint-Onge and Wallace 2003), and experience in transdisciplinary practice is showing that it is possible to intentionally create situations that facilitate the emergence of TDCOPs. A relatively successful effort to intentionally nurture TDCOPs is the Fire Learning Network in the United States (Goldstein and Butler 2010) . Stakeholder groups have been established at the regional level, and regular meetings are organized by leaders to facilitate dialogue and develop plans, which include both scientist and nonscientist stakeholders. Whereas the multistakeholder groups are focused on consensus building and conflict management, the network of leaders is intended to share knowledge, build expertise, and promote learning. Conditions for frequent face-to-face contact among these leaders and opportunities to implement and test lessons, i.e., practice, are key facilitatory features of this network that have encouraged the development of TDCOPs (Goldstein and Butler 2010) . DCDC used two other primary methods to nurture its TDCOP. First, they created a regional water allocation model acting as a boundary object: WaterSim. Boundary objects are models, classification systems, interactive maps, and so forth that enable Ecology and Society 20(2): 22 http://www.ecologyandsociety.org/vol20/iss2/art22/ different communities to interact despite differences (Star and Griesemer 1989) . Joint contributions to constructing WaterSim led to greater trust in the model and enhanced efficacy of sectorial interactions . Second, they enlisted help from liaisons with experience working in both scientific and policy communities. Liaisons enhanced awareness of DCDC within the water policy community, leading to greater participation, while devising strategies to mitigate conflict and facilitate mutual learning .
The aims of the freshwater initiative were explicitly rooted in national water and environmental policies that were products of extensive stakeholder engagement processes and that enjoyed widespread legitimacy in South Africa. Moreover, the main driving organizations of the initiative have the credibility to call meetings and draw participation. These institutional contexts played an enabling role for stakeholder engagement. A specific nurturing approach was to create spaces for, and actively facilitate, collaboration and knowledge exchange across multiple administrative and functional boundaries. Preceding the process of identifying priority areas for conservation, a stakeholder inception meeting was used to classify stakeholders according to their desired level and type of engagement. The initial list of stakeholders included scientists from universities, research councils, museums, and consulting firms, as well as practitioners responsible for protection and management of water resources, biodiversity conservation, land-use management, and integrated development planning. Stakeholders could self-select to participate in various national and regional workshops on issues such as collation and review of input data for spatial planning, identification and review of priority areas, and development of guidelines for the use of priority areas and associated legislative tools in planning and policy processes (Audouin et al. 2013) . Furthermore, the freshwater initiative produced products at all levels of Max-Neef's (2005) transdisciplinary hierarchy of knowledge: scientific publications at the empirical level; geographic information system data layers, maps, and implementation guidelines at the pragmatic level; and principles and policy at the normative/value-based level (Audouin et al. 2013 ). As such, wide-ranging opportunities for involvement were created. With clear learning interdependencies between these various products, practitioners from science, policy, and practice could all feel part of the same overarching TDCOP. As with the DCDC project, maps served as important boundary objects in the freshwater initiative. Participatory mapping, during which scientific information and stakeholder knowledge were integrated, contributed to a sense of legitimacy and inclusive ownership of the final products (spatial conservation priorities).
The insights from both case studies are vital in the context of TDCOPs, which we characterized earlier as likely to be deeply heterogeneous in terms of both the backgrounds of members and their arenas of practice. DCDC tackled the issue of heterogeneity through boundary objects that brought people together and enabled knowledge sharing and partnership building, and by using liaisons with substantial social capital. The fresh water initiative developed products with which all members of the TDCOP could not only identify, but also use and help create through their respective arenas of practice. Being purposeful about the creation of such boundary objects, social relations, and shared products in TDCOPs is essential in a way that one does not find in traditional COPs, in which heterogeneity is less likely. Such heterogeneity brings with it an additional challenge in contexts where TDCOPs are purposefully nurtured: power imbalances.
Lesson 3: Power matters in facilitated TDCOPs
The notion of learning through COPs holds the possibility of masking the deep power asymmetries that are present in interactions between "experts" and "nonexperts" in transdisciplinary settings (Jahn et al. 2012) . Power in this context refers to the differential ability of various subsets within the TDCOP to demand that their needs be met before the needs of others (see Mitchell et al. 1997) . Such differences are a particular challenge to efforts to nurture COPs from the outside-in. COPs that develop spontaneously are unlikely to face this challenge, because such power asymmetries would likely prevent the development of such a COP in the first place. Facilitated TDCOPs, however, often involve a wide variety of potential participants and therefore sensitive choices about who is invited to join a given process and who is left out (Mobjörk 2010) . Power asymmetries can prevent some actors from playing an active role in a shared endeavor (Mobjörk 2010) , and from a COP's perspective, can result in banishing some participants to the periphery with little prospect of joining the core group. Therefore, the first lesson presented by COP theory (lesson 1 above) is also a potentially dangerous one in that it might justify some actors sitting forever on the periphery, or the benches. Therefore, a key goal must be to enable movement in and out of the core over time.
For DCDC, power imbalances significantly challenged colearning and practical deployment of scientific knowledge. DCDC is embedded within a research university and funded via the U.S. National Science Foundation, increasing these stakeholders' ability to demand that their needs be met and skewing its initial research emphasis toward producing highquality basic science (see Parker and Crona 2012) . This produced substantial tensions among policy makers and ambivalence about continuing active collaboration. Once having satisfied the university and funding agency, DCDC leaders responded by turning to more practically oriented research and engaging more intensely with water resource managers and policy makers (see Parker and Crona 2012) . These dynamics indicate the critical nature of managing power relations and strategic timing for effective functioning of TDCOPs.
Although the core group of the freshwater initiative has been characterized by two or three members who have provided leadership since the inception of the initiative, power dynamics within this group as well as outside have changed based on two factors: First, the initiative evolved along a type of innovation chain from method development to policy formulation to product development to the current implementation phase. The leadership roles of individual members, in part because of the mandates of the organizations that they represented, tended to differ in different phases. Someone with a research mandate would play a more directive role during the developmental phase, whereas someone with a policy mandate might be the key facilitator of interdepartmental deliberations during the policy phase. Second, the initiative functioned like an informal program consisting of loosely connected projects that all contributed to the overall aim of effective freshwater conservation. Some of these contributing http://www.ecologyandsociety.org/vol20/iss2/art22/ projects were planned as part of the initiative, and the coexistence of others was of a more serendipitous nature. These projects provided key input during different phases of the freshwater TDCOP, and accordingly the influence of these project teams varied on a needs basis.
Both case studies suggest that power imbalances played a role in the performance of the TDCOPs and that challenges in this regard were dealt with as issues arose, rather than purposefully through foresight. The DCDC case study, in particular, highlights the need to be mindful and strategic regarding how power imbalances are managed, in the absence of which some TDCOP members are likely to withdraw from the process. Maintaining a diversity of parties at the core of a TDCOP is a major challenge, and requires attention to the power and interests of all groups and members.
CONCLUSIONS
Global sustainability science is experiencing a ground shift, from small, relatively isolated scientific research projects to deeply transdisciplinary work requiring diverse sets of stakeholders to share knowledge, test solutions, and learn together over time. We have shared just one social theory of learning, i.e., COPs, that can enhance our understanding of how such groups operate and how they might be nurtured. Far greater attention to the social processes that underpin collaborative research effort in general will be required in the years to come if the goals of transdisciplinary sustainability research are to be met.
Although previous work highlighted processes of knowledge production and integration in the context of transdisciplinary sustainability science (Regeer and Bunders 2003, Lang et al. 2012) , we took a broader view and highlighted practical lessons that emerge from COP theory for how TDCOPs can be nurtured. Such lessons are relevant to researchers, funding agencies, and project managers alike. In some ways, the lessons challenge conventional wisdom about how groups of stakeholders come together and seek transdisciplinary outcomes. Building benches for outsiders particularly challenges a tendency among scientists to keep new ideas to themselves until they are published. Allowing outsiders to observe, learn from, and share new knowledge generated at the core of a TDCOP is likely to be deeply challenging for many scientists. In addition, the fact that TDCOPs do not exist simply because a project with multiple stakeholders is funded challenges project leaders to act and think differently about how such TDCOPs can be nurtured after such a project has been funded or formed. Paying attention to power relations when this is achieved is equally important. Another challenge is that research is largely driven by contracts with fixed budgets and time frames. Many of the enabling conditions associated with TDCOP formation, e.g., trust building, peripheral participation, and selforganization, do not lie comfortably with project management practices. Even when a TDCOP benefits from a large portfolio of individually funded projects, some of the social dynamics are likely to happen in between formal and funded project spaces.
Research on heterogeneous, highly creative, and influential professional communities, networks, and groups in fields as diverse as art, science, and politics is showing that social interactions fostering deep emotional commitment to the group and its ideas and practices are crucial for innovation and performance (Collins 1998 , Farrell 2001 , Medema 2011 , Parker and Hackett 2012 . This and other research on collaboration, learning, and creativity should be integrated with that on TDCOPs to extend our understanding of best practices in those increasingly important associations. Both cases described here suggest that TDCOPs may be multilayered, with a core group that provides an umbrella community in which smaller self-organizing COPs, whether transdisciplinary or not, can see the larger significance of their specific practice. Transdisciplinary practice may thus also challenge traditional conceptions of COPs and how they operate, and provide an impetus for re-examining models of COP theory in this context.
Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses. php/7580
